Background: At our institution, we perform bilateral pulmonary artery banding (BPAB) as the first-stage palliation for interrupted aortic arch (IAA) with low birth weight or severe subaortic stenosis (SAS). The present study aimed to identify factors that may influence the decision regarding the type of second-stage operation, that is, univentricular palliation or biventricular repair, in these patients. Methods: Cardiac catheterization and angiographic data of nine patients with IAA who underwent initial BPAB and subsequent univentricular or biventricular repair were retrospectively analyzed. Results: Between 2004 and 2014, of nine patients with IAA who underwent initial BPAB, biventricular repair was subsequently performed in six patients (group B) and univentricular repair in three patients (group U). All patients survived. There was no significant intergroup difference in IAA classification, location of ventricular septal defect, presence of 22q11.2 deletion, presence of aberrant right subclavian artery, band diameter, or post-BPAB pulmonary artery pressure and index. Timing of BPAB and the body weight at the time of BPAB, however, differed significantly between the groups (P ¼ .02). Catheter data before BPAB were not significantly different between the groups, with the exception of the degree of subaortic stenosis (or hypoplasia of the left ventricular outflow tract) expressed as percentage of the normal end-systolic aortic valve annular diameter for patient body surface area. This metric (%SAS before BPAB) was significantly higher in group B (60%-68%) than in group U (47%-60%; P ¼ .04). Among patients for whom baseline %SAS was < 60%, the %SAS did not increase after BPAB. Conclusion: The most important factor that allowed biventricular repair was not the pulmonary artery pressure or diameter but the degree of SAS. Patients who initially had more severe SAS ultimately underwent univentricular repair due to lack of substantial improvement in dimensions of the left ventricular outflow tract after BPAB.
Introduction
The surgical treatment of interrupted aortic arch (IAA) has included great advances over the past 20 years. 1 Although neonatal one-stage repair is well established, subaortic stenosis (SAS) remains one of the important factors determining the survival rate. 2 Over the past decade, bilateral pulmonary artery banding (BPAB) has increasingly been performed as the firststage palliation for hypoplastic left heart syndrome in patients with poor preoperative condition and as a preferred primary strategy at a few centers. 3 At our institution, we utilized a strategy of initial BPAB as the first-stage palliation for patients with IAA with either low birth weight or severe hypoplasia or obstruction of the left ventricular outflow tract (severe SAS), or both. Several months after initial palliation, we decide whether univentricular or biventricular repair should be used as the second-stage intervention based on the patient's cardiac catheterization data. The aim of this study was to retrospectively evaluate the course of patients treated in this fashion and examine factors that were associated with the decision concerning the choice of second-stage procedure in these patients with IAA who received BPAB as the first palliation.
Patients and Methods
Between 2004 and 2014, 18 patients who were diagnosed with IAA/ventricular septal defect (VSD) were treated at the Osaka Medical Center and Research Institute for Maternal and Child Health. Patients with truncus arteriosus, aortopulmonary window, and Taussig-Bing anomaly were excluded from the study. The cardiac diagnosis was based primarily on twodimensional and Doppler echocardiography. Nine patients who underwent initial BPAB are the primary focus of this analysis. This study was approved by our hospital ethics committee (receipt number 806).
Hemodynamic Study
Cardiac catheterization and angiography were performed 5 to 13 days before and 29 to 203 days after the first palliation. After measuring pressures and oxygen saturation, the maximum left ventricular end-diastolic volume (LVEDV) and mitral valve (MV) and aortic valve (AV) annular diameters were calculated by the area-length method based on the largest posteroanterior and lateral projection of the left ventriculogram and were expressed as percentages of the normal values (%LVEDV, %MV, and %AV, respectively) based upon patient's body surface area (BSA). 4 The diameter of the SAS was determined as the shortest distance on the 35 posteroanterior and 45 lateral projection of the left ventriculogram and was expressed as a percentage of normal value for the endsystolic AV annular diameter (%SAS) for a given patient's BSA (Figure 1 ). For purposes of this study, this metric (%SAS) is used as a general measure corresponding to the degree of left ventricular outflow tract obstruction, which may result from hypoplasia, obstruction, or both.
Therapeutic Approach
Bilateral pulmonary artery banding was performed as the first palliation for IAA with low birth weight (<2.5 kg) or severe SAS, which we defined as having a diameter of <70% of the normal AV annular diameter. Bilateral pulmonary artery banding was performed through a full median sternotomy. Polytetrafluoroethylene banding tape, 2 mm wide and 0.4 mm thick, was used. Intraoperative echocardiography was performed to detect flow acceleration at the BPAB site. Our goal was to maintain >3 m/s of flow during the operation. We maintained ductal patency either with prostaglandin E1 infusion or by means of ductal stenting (two patients). Bilateral pulmonary artery banding was accomplished without cardiopulmonary bypass support.
Statistical Analysis
The data were analyzed using the JMP statistical software program (version 8.0; SAS Institute Inc, Cary, North Carolina). A nonparametric test was used to compare variables, and P values <.05 were considered significant.
Results
In total, nine patients were included in the analysis (Table 1) . Interrupted aortic arch of Celoria-Patton classification type A was diagnosed in two patients and type B in seven patients. The VSD of Kirklin classification type I was diagnosed in three patients and type II in six patients. Patients 2, 3, and 6 had a low birth weight (ie, < 2.5 kg). Two patients had aberrant right subclavian artery. Four patients had bicuspid aortic valve. Four patients had 22q11.2 deletion syndrome (22q11.2DS). Biventricular repair was eventually performed in six patients (group B), and univentricular repair was performed in three patients (group U). Patients 7 and 8 have undergone staged reconstruction culminating in Fontan circulation. Patient 9 remains with Glenn circulation (superior cavopulmonary anastomosis) at present. All patients survived the first and second surgeries.
Type of IAA, location of ventricular septal defect, and the presence of 22q11.2DS or aberrant right subclavian artery were not significantly different between group B and group U. Timing of BPAB differed significantly between group B (median, 9 days; range, 5-12) and group U (median, 22 days; range, 14-48; P ¼ .02). The body weight (kg) at the time of BPAB was also significantly different between group B (median, 2.3; range, 0.96-2.8) and group U (median, 2.9; range, 2.9-3.9; P ¼ .02).
The pulmonary artery index after BPAB was not significantly different between group B (median, 274; range, 105-454) and group U (median, 248; range, 166-391). The mean pulmonary artery pressure (mm Hg) after BPAB was also not significantly different between group B (median, 10; range, [8] [9] [10] [11] [12] [13] [14] and group U (median, 12; range, 11-21). The duration between BPAB and cardiac catheterization was also not significantly different between group B (median, 71 days; range, 24-202 days) and group U (median, 29 days; 28-71 days).
Hemodynamic data from angiography are summarized in Table 2 . Catheter data before BPAB were not significantly different between the groups, except for %SAS, which was significantly higher (corresponding with less severe narrowing of the subaortic region) in group B (60%-68%) than in group U (47%-60%; P ¼ .04). In group B, %LVEDV and %MV were not significantly different before and after BPAB. However, in group B, %AV and %SAS were significantly higher (corresponding with less severe narrowing or hypoplasia at the level of the aortic valve and subvalvar region) after BPAB than before BPAB. On the other hand, in group U, %LVEDV, %MV, %AV, and %SAS were not significantly different before and after BPAB. Figure 2 shows changes in %SAS based on measurements before and after BPAB in all patients. Notably, there was no improvement in %SAS observed in patients in whom the initial degree of left ventricular outflow tract obstruction was most severe, as reflected by pre-BPAB %SAS <60%.
Comment
In many studies on IAA repair, left ventricular outflow obstruction, especially SAS, is reported to be prevalent among patients in whom early and late deaths occurred. 5 Initial palliation by means of BPAB with maintenance of patency of the ductus arteriosus is a temporizing step that stabilizes the circulation in neonates, usually avoids the requirement for cardiopulmonary bypass support during the neonatal period, and makes it possible to defer for a period of weeks or months the ultimate decision as to whether the left ventricular outflow tract is deemed to be suitable for the accomplishment of biventricular repair with an expectation of low morbidity and mortality. One major objective of this study was the assessment of the fate of the borderline left ventricular outflow tract, as reflected by change in the %SAS during follow-up after BPAB.
At our center, during the period of this study, nine additional patients with IAA/VSD underwent definitive repair (arch repair and VSD closure) in a single stage during the neonatal period. Unlike the nine patients who initially underwent BPAB and are the primary focus of this study, the nine patients who underwent primary one-stage repair had weight >2.5 kg and SAS that was not more severe than 70% of normal values. One patient (% SAS ¼ 70%) died following one-stage repair. The % SAS of other eight patients were form 73 to 93% and these patients survived after one stage repair. So, we avoid one-stage repair and use BPAB as the initial palliation for IAA /VSD with severe SAS, that is, if %SAS is under 70%. With respect to these patients with low weight or severe left ventricular outflow tract obstruction for whom we prefer a two-staged approach with initial BPAP, we feel that at the time of subsequent second stage surgery, simple biventricular repair with arch repair and direct closure of the VSD is not a viable option if the degree of stenosis or hypoplasia of the left ventricular outflow tract (%SAS) is not observed to have improved after BPAB. For three such patients in our series, we elected to procced with staged "univentricular reconstruction" toward Fontan circulation, based on the observation that %SAS had remained <70% after BPAB. We acknowledge that in instances where the MV and LV sizes are considered to be adequate, a more complex biventricular repair strategy such as a modified Yasui operation or a Roos-Konno operation with arch repair could be considered as alternative options.
Cape et al described factors that contribute to the development of SAS, beginning with the presence of morphologic abnormalities within the outflow tract. 6 A steepened aortoseptal angle is another significant predictor of the development of SAS in patients with VSD. 7 In our study, however, the location of the VSD was not significantly different between group B and group U. McCrindle et al noted that the presence of type B IAA and aberrant right subclavian artery were risk factors for left ventricular outflow tract obstruction, presumably because of alterations in blood flow across the left ventricular outflow tract. 8 Contrary to that report, the presence of those two factors were not predictive of the mode of second palliation in our study. Similarly, the results of our study were different from those of Erez et al who reported mitral stenosis as a contributing factor to the indications for single ventricular palliation. 5 All these discrepancies may be related to the smaller cohort size in our study.
We found that degree of SAS and failure of left ventricular outflow dimensions normalized to patient BSA to change significantly following initial BPAB were important factors that may influence the choice of the second-stage procedure. However, we were unable to identify what influenced the growth of SAS. Since pulmonary blood flow is normalized by BPAB, SAS is unlikely to be dependent on the preload. Importantly, among those patients whose initial degree of left ventricular outflow tract obstruction corresponded to %SAS of 60% or lower (ie, more severe degree of left ventricular outflow tract obstruction), we did not observe an appreciable degree of change or "growth" during the period following initial BPAB (Figure 2) . Therefore, we infer that the severity of SAS before BPAB influenced the postoperative subaortic development. Our data suggest that simple biventricular repair with direct closure of the VSD is not likely to be reliably achieved, even after BPAP, in patients with severe SAS with a diameter of <60% of that of the normal aortic valve annulus before BPAB.
Our analysis is clearly related to our chosen method of assessing the dimensions and inferring the degree of obstruction or hypoplasia of the subaortic region. There are several methods that are commonly used to assess the size of the left ventricular outflow tract and the severity of obstruction. Most centers rely on echocardiographic techniques, measuring the 10 Schreiber and colleagues used a ratio of <0.6 to define the presence of preoperative left ventricular outflow tract obstruction. 11 Salem et al suggested that an initial aortic valve diameter <4.5 mm (Z score <À5) was likely to be associated with subsequent development of recurrent SAS after primary neonatal repair of interrupted aortic arch and ventricular septal defect. 12 Our study suggests that diameter of the subaortic region that is at least 60% of the normalized AV annular diameter for patient BSA is necessary for a reasonable expectation of eventually achieving simple biventricular repair with direct closure of the VSD even after BPAB.
To address SAS of moderate severity in the setting of IAA, Luciani et al described a special technique of VSD closure (securing the upper portion of the patch to the left side of the conal septum) through a transpulmonary approach and without resecting the conal septum, which was used in nine patients (SAD [mm] 2.7-4.0 (À7 > Z > À10)). 13 For patients in whom the VSD is not restrictive, and in whom LV volume and mitral valve size are large enough (as in patients 7 and 8 in the present study), we might, in the future, give consideration to choosing to perform a modified Yasui operation. Up to now at our center, we have had limited access to appropriate-sized materials for valved conduit reconstruction of the right ventricular outflow tract in very small infants. Accordingly, in the past we have pursued eventual Fontan reconstruction for patients who after BPAB persist in having the most severe degrees of left ventricular outflow obstruction. More recently, we have access to expanded polytetrafluoroethylene valved conduits with bulging sinuses.
14 Therefore, if the conditions are appropriate, Yasui operation will be one of the options in the future.
Limitations
Our study has several limitations. First, this study was a retrospective, small cohort analysis in a single center. However, IAA is a rare disease that only accounts for 1.3% of infants presenting with critical congenital heart disease. The estimated prevalence is 0.06 per 1,000 birth. The study is also limited by the treatment strategy and inclusion criteria. At our center, BPAB is selected for the first palliation for (1) patients having less than 70% of %SAS or (2) low-weight patients (<2.5 kg). Patients with !70% in %SAS receive biventricular repair as the first palliation and therefore they were not included in the study cohort. The effect that BPAB might have on SAS in that patient group is unknown. Although patients with !70% SAS in which biventricular repair was chosen as the first palliation survived, these limitations may have influenced our results.
Conclusion
Based on our experience, we conclude that initial palliation with BPAB is a reasonable approach for management of neonates with IAA who present with low weight and/or severe degrees of hypoplasia or obstruction of the left ventricular outflow tract. The choice of subsequent second-stage procedure may be deferred for a period of several weeks to a few months, allowing time to further assess the status of the subaortic region. In our experience, the observation of no improvement in %SAS following initial BPAB in patients in whom the initial degree of left ventricular outflow tract obstruction was most severe, as reflected by pre-BPAB %SAS < 60%, suggests that either univentricular palliation or more complex biventricular reconstruction (modified Yasui or Ross-Konno) may be required for these patients. In patients with less severe degrees of left ventricular outflow tract obstruction prior to BPAB (corresponding to SAS of 60% or higher), we observed varying degrees of enlargement of the left ventricular outflow tract subsequent to BPAB and were able to proceed with biventricular repair consisting of arch repair and VSD closure a few months after initial palliation.
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